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A simple approach to achieve microspherical polyaniline/graphene (PANI/rGO) composites by
microemulsion has been developed, and the composites are further used as electrode materials for
supercapacitors. Compared to other methods, microemulsion polymerization is a thermodynamically
stable and easy-processing method, where the formed micelles act as “soft templates” to form the
stable morphologies according to the type and concentration of surfactants. The one-step process is
that water-dispersible GO is directly added into the SDS micelles during the microemulsion
polymerization. The spherical SDS micelles just attach on the GO nanosheets with large lateral size,
while the small GO nanosheets may embed into internal of the micelles. So, the as-prepared
PANI/rGO composites have two probable ideal structures. Due to their unique architecture and the
synergistic effect between PANI and graphene, the as-prepared PANI/rGO composites show the
maximum electrochemical capacity of 495.9 F g 'at 0.5 A g *, excellent rate capability and improved
cycling stability.
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1. INTRODUCTION

Supercapacitors are rising alternative energy storage devices applied in some implements, such
as mobile electronic, electric vehicles and so on. Compared to batteries, they are usually safer, possess
higher power density, have short charge/discharge time and longer cycle life [1-4]. Based on the
energy storage mechanisms, supercapacitors are usually divided into two types: one is the electrical
double-layer capacitor (EDLC), where the capacitance arises from electrostatic attraction between the
charges at the interface of the electrode and the ions of electrolyte but is usually too low, and the other
Is pseudocapacitor, which derives from fast, reversible redox reactions on the surface or in the interior
of active materials and usually holds high capacitance [5-7]. To some extent, the electrochemical
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performances of supercapacitors are decided by the electrode materials. Activated carbon [8],
transition-metal oxide [9] and conducting polymers [10] are widely used. Among the various electrode
materials, polyaniline (PANI) is considered as one of the most promising electrode materials due to its
high theoretical capacitance, easy synthesis and low cost [11-13]. However, it exhibits the
disadvantages of relatively low conductivity and mechanical degradation caused by expanding and
contracting of the polymer chain skeleton during charge/discharge process, which leads to the capacity
degradation of PANI [14]. To solve the problems, high conductive carbon materials such as porous
carbon, active carbon, CNTs and other carbon nanomaterials have been incorporated into PANI [8,
15]. However, the selection of suitable carbon materials to hybrid with PANI is the key to obtain
excellent electrochemical properties.

Graphene, a monolayer structure of sp? hybridized carbon atoms [16], has attracted more and
more attention due to its intriguing excellent electrical conductivity, great mechanical strength, large
specific surface area and so on [17-19]. The integration of PANI and graphene has been verified to
improve the capacitance and the cycling stability of PANI. Generally, PANI/graphene composites can
be prepared by various methods, such as simple mixing, electropolymerization and chemical oxidation
polymerization. Shi et al [20] have obtained the flexible graphene/PANI nanofiber composite film by
mechanical mixing, whose specific capacitance is 210 F g% at 0.3 A g *. Wang et al [21] have
fabricated the PANI/graphene nanocomposites via in situ anodic electropolymerization for flexible
electrode, and the specific capacitance is 233 F g . Wu et al [22] have prepared the chemically
modified graphene/PANI nanofiber composites by in situ polymerization, and its specific capacitance
is 480 F g at 0.1 A g *. However, these methods have some disadvantages such as extra complicated
preparation process or poor control of ideal structure. So, it is important for us to find a simple and
convenient way to construct the ideal microstructure [23-24]. Microemulsion polymerization is a
thermodynamically stable and easy-processing method, where the micelles in solution can form three
different morphologies: rod-like, sphere and hexahedral, based on the type and concentration of
surfactants. Interestingly, the spheres have the highest specific surface area among these, which are
beneficial for electron transfer and electrolyte ions diffuse. Li et al [25] have prepared the polyaniline
doped with different sulfonic acid using the emulsion polymerization method, and the maximum
specific capacitance of PANI is 410.6 F g * at 0.1 A g *. Hassan et al [26] have firstly obtained the
PANI microsphere by microemulsion polymerization, and then mixed with graphene oxide (GO)
nanosheets by simply ultrasonic, finally reduced to graphene by HI, whose specific capacitance is 448
Fg'at0.5A g’ Ahmad et al [27] also prepare the conductive polyaniline/graphene nanocomposites
via in situ emulsion polymerization with improved electrical conductivity.

In our work, we synthesize the microspherical polyaniline/graphene (PANI/rGO) composites
by one-step adding the GO into the surfactants directly during the microemulsion polymerization and
then chemical reduction of GO. There will be two probable ideal structures (Fig.1): one is that the
PANI microspheres attach to the surface of graphene nanosheets with large lateral size while the other
is that small nano-size graphene nanosheets probably embed in the PANI microspheres during the
microemulsion polymerization. The as-prepared PANI/rGO composites have spherical structures
which possess numerous pore structures inside the microspheres. What’s more, these hybrid structures
can maximize the synergistic effect between PANI and graphene. In detail, the PANI/rGO microsphere
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composites used as electrode materials for supercapacitors show the improved electrochemical
capacity performance of 495.9 F g* at 0.5 A g, excellent rate capability and improved cycling

stability.
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Figure 1. Hllustration of the preparation of two types of PANI/G hybrids.

2. EXPERIMENTAL

2.1. Material

Aniline was purchased from Titan and distilled under vacuum and store at 0 ‘C.The other
reagents like ammonium peroxydisulfate (APS), sodium dodecyl sulfate (SDS), nature nano-graphite
powder, ethanol, H,SO,, acetone were used without further purification.

2.2. Preparation of Graphene Oxide (GO)

Graphene oxide was prepared by the following modified Hummers method [28]: firstly, the
mixture of graphite (2 g), NaNO3 (1.5 g) and 68 mL of concentrated H,SO,4 was cooled to 0 °C in an
ice bath and stirred for 5 min. After that KMnO,4 (10 g) was added slowly and stirred for another 30
min continuously at low temperature (< 5 C). Then 100 mL distilled water was added slowly to this
reaction mixture at room temperature and further heated to 60 ‘C, keeping stirring for one and half
hour continuously, and the color turned to mud brown. At the end, the mixture was further treated with
8 mL of 30% H,0, for one hour. The color turned into pale yellow from dark brown. For purification,
the mixture was washed by centrifugation with diluted HCI and then deionized water for several times
until the pH of the solution was near neutral. Finally, GO was dried under vacuum at 50 C for 24 h.

2.3. Preparation of PANI/rGO composites

PANI/rGO composites were synthesized through microemulsion polymerization [26] of aniline
monomer with the existence of graphene oxide. The details of the procedure are described as
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following: First, 30 mg GO was mixed with 30 mL deionized water, sonicated using a ultrasonicator
(40 kHz) in water for 30 min. SDS (1.5 g) was added to the suspension and stirred continuously, while
being heated to 60 ‘C. Then aniline (0.5 g) was dispersed in 5 mL of 1 M HCI (32 wt%) for 15 min,
then mixed with 10 mL deionized water and subsequently dropped into the above microemulsion
rapidly until the heater temperature reaching 60 C. At the end, APS (62.5 mg) was mixed with 5 mL
water and added into the reactor drop by drop. The reactor was keep stirring for 6 h. Then, the
PANI/GO suspension was treated with ethanol to break the balance, and washed with deionized water
until no bubble in the solution. In order to reduce the GO, hydrazine hydrate (80 wt%) were added and
keep the mixture stirring and heating to 100 C for 12 h, then the suspension was washed with
deionized water, and re-doped with 100ml 1M HCI, subsequently filtered by a 0.2 um PTFE
membrane filter, vacuum dried, weighed and saved. The mixture was named as PANI/rGO-2. In
addition, 15 mg, 60 mg and 120 mg GO were added to prepare various PANI/rGO composites, denoted
as PANI/rGO-1, 3 and 4, respectively.

2.4. Characterization

The Raman was measured by InVia Raman microscope (Renishaw, UK) with 514.5 nm diode
laser excitation. FT-IR spectrum was recorded on a Nicolet 5700 spectrometer (Thermo Electron,
America). FE-SEM was obtained on a S-3400 (Hitachi, Japan). TEM measurement was conducted on a
JEM-1400 (JEOL, Japan) with embedded sections after sliting (LECIA EM UC7). AFM image was
collected by a VVeeco Illa Multimode microscope, operated in tapping mode.

2.5. Electrochemical tests

Electrochemical tests were conducted on a CHI660D electrochemical workstation in a three-
electrode system. The working electrode was consisted of active materials (80 wt%), acetylene black
(10 wt%), and polyvinylidene fluoride (10 wt%) dispersed in NMP, and then coated the slurry onto the
surface of carbon paper and dried. Additionally, Pt was used as the counter with the Ag/AgCl as
reference electrode. galvanostatic charge/discharge and cyclic voltammetry (CV) tests were performed
in a voltage range between 0~0.8 V and -0.2~0.8 V respectively, the specific capacitances could be
calculated according to the formula: Cm =1 x t/ (m x U), where | is the constant discharge current (A),
t is the discharge time (s) obtained from the galvanostatic charge/discharge test. The electrochemical
impedance spectroscopy (EIS) test was operated in the frequency range from 100 kHz to 0.01 Hz, and
the cycling performance was performed at 2 A g™*.

3. RESULTS AND DISCUSSION

3.1 Morphology and Structure

The dispersion behavior of exfoliated graphite oxide in aqueous solution under ultrasonic
vibration is investigated by AFM. Fig. 2 shows the thickness of GO nanosheets is about ~ 2.0 nm and
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the lateral size is ~ 240 nm. SEM observations were used to verify the morphology and structure of
PANI/rGO-2 composites, providing a direct proof for the growth mechanism of PANI in the existence
of rGO nanosheets and surfactant (SDS).
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Figure 3. (I) SEM image of PANI/rGO-2 (a) and (b), TEM image of PANI/rGO-2 (c); (1) TEM image
of microsphercial PANI/rGO-2 (d), TEM image of embedded sections of microsphercial
PANI/rGO-2 after slitting (e).

The morphologies are divided into two types (I, I1), as illustrated in Fig.1. On one hand, in Fig.
3a, granulated PANI shows quite rough surfaces with the diameter of 1-2 um and the rGO nanosheets
are irregular aggregated with the size of ~10 um. The enlarged image of PANI/rGO-2 composites (Fig.
3b) shows that a portion of PANI microsphere attach on the graphene flake or accumulate at the edge
of rGO. TEM images of the hybrids (Fig.3c) well support SEM result. On the other hand, in Fig.3d, it
is supposed that GO nanosheets are probably embedded into the internal of PANI microsphere
according to the phenomenon that the few wrinkled GO nanosheets attach to the edge of PANI. To
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further confirm the supposition, we slit the microsphere, and observe the section of PANI through resin
entrapping and cutting. Fig. 3e reveals that the morphology of polyaniline microsphere with porous
channels (green arrow), which are beneficial to the electrolyte infiltration and the ion transmission. In
addition, the transparent and wrinkled flakes with the size of ~ 200 nm can be obviously seen on the
section after slitting in Fig. 3e (red arrow), which is probably attributed to the small lateral size GO
nanosheets which disperse in the surfactant micelles. Upon adding an initiator, they are probably
embedded into the matrix without destroying the sphere microstructure during the microemulsion
polymerization.

The formation of different morphologies can be explained by the following: Before
polymerization, graphene oxide nanosheets were dispersed by SDS used as emulsifier. A large amount
of SDS can cover on the surface of graphene oxide. The aggregated and large-size GO nanosheets may
act as an active site, and the well-dispersed small nano-size GO probably embedded into the micelles.
When aniline monomer and APS initiator were added to the GO-surfactant dispersion in water, the
components probably diffused into two sites due to their hydrophobic nature: (1) between the GO
surfaces and surfactants, or (2) inside the surfactant micelles. During the microemulsion
polymerization, on one hand, the hydrophobe aniline monomer diffused from the droplets into the GO
layer. After that, the PANI microsphere was formed and attached on the surfaces of GO. On the other
hand, small nano-size GO with stronger hydrophobic probably diffused into the micelles, and
embedded into the microsphere PANI during the microemulsion polymerization.
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Figure 4. Raman spectra of GO, PANI and PANI/rGO

To validate successful hybrid, GO, PANI and PANI/rGO (mgso=30 mg) were characterized by
Raman spectroscopy and FTIR. In Fig. 4, the Raman spectrum of the PANI has characteristic peaks
around 800, 1160, 1325, 1466, and 1589 cm™, which can be attributed to ring deformation of the
benzene/quinoid rings, C-H bending of the benzene ring, protonated C-N stretching, C=N stretching,
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and C-C stretching of the benzene/quinoid ring, respectively [29-31]. The as-prepared GO shows two
main peaks at 1330 and 1590 cm™, which correspond to G band of sp2 carbons and the D band of the
disordered structure [32-33]. The spectrum of composite shows similar bands of emeraldine salt.
Obviously, peaks around 800 and 1466 cm™ in the composite disappear due to the PANI superimposed
on the graphene structures through the strong interaction between the PANI polymer backbone and the
graphene nanosheets via n-nstacking [34, 35].
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Figure 5. FT-IR spectra of GO, G, PANI and PANI/rGO

In Fig. 5, the FT-IR spectrum of the GO shows a broad peak at 3350 cm™ due to the O-H
stretching vibration, and the peaks at 1730, 1400, 1225, and 1080 cm™ can be assigned to C-O
stretching, C-OH groups, C-O (epoxy groups) stretching and the C-O (alkoxy groups) stretching
[36].However, the disappearance of characteristic peaks indicates the oxygen-containing groups of GO
are reduced. The PANI has characteristic peaks at 1565 and 1478 cm*, assigned to C=C stretching of
the quinoid ring and benzenoid ring, respectively, and the peak at 1297 cm™* is due to the C-N
stretching in a aromatic amine, the peak at 1110 cm™* corresponds to the C-N stretching in quinoid
ring. The bending of aromatic C-H in the substituted benzene ring appeared in the 797 cm™* peak [37].
In PANI/GO and PANI/rGO composites, the characteristic peaks of PANI can be observed clearly,
further verifying the formation of PANI in these two composites.

3.2. Electrochemical performance

To assess the electrochemical performances of pure PANI and PANI/rGO composites,
electrochemical tests were performed in the condition of 1M H,SO, aqueous solution at room
temperature. Figure. 6a shows the CV curves of PANI/rGO composite at different rates from 2 to 100
mV s ! in a voltage range between - 0.2 and 0.8 V vs Ag/AgCl. The PANI/rGO composite behaves the
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symmetric aquasi-rectangular curves with small redox peaks at low scan rates, indicating their double-
layer capacitor behavior. With the scan rate increases, the rectangular shape of CV curves disappears,
but two pairs of redox peaks occur obviously, which are corresponded to the pseudocapacitive
behavior of the redox reactions, especially at high scan rates. Fig. 6b shows the CV curves of pure
PANI and PANI/rGO composite at a scan rate of 5mV s *. The CV area is proportional to the capacity
and the area of PANI/rGO composites is larger than the pure PANI, which demonstrates that the
specific capacitance of PANI/rGO-2 composite is higher than the pure PANI microspheres.
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Figure 6. CV curves of PANI/rGO-2 at different scan rates (a); CV curves of PANI and PANI/rGO-2
at a constant scan rate of 5mV s™ (b).

Fig. 7a shows the galvanostatic charge/discharge curves of pure PANI and PANI/fGO
composites with different addition of GO during the emulsion polymerization at 1 A g *.The discharge
time of PANI/rGO is much longer than the pure PANI. Based on the calculation formula for specific
capacitance, the specific capacitance is proportional to the discharge time in the galvanostatic
charge/discharge curve, which suggests the specific capacitance of PANI/rGO composites is higher
than the PANI. As showed in Fig. 7b and 7c, the PANI/rGO-2 composite displays the maximum
specific capacitance of 495.9 F g * at 0.5 A g, which is larger than the pure PANI (318.3 F g*) and
other composites, similar results have been demonstrated using the emulsion polymerization method in
previous reports [25-27]. Further, a specific capacitance of 355.5 F g* still remains when the current
density increased to 20 A g%, proving the good rate performance.

Fig. 8a shows the Nyquist plots of pure PANI and PANI/rGO-2 electrodes. Firstly, the
equivalent series resistance (ZRe) value was estimated from the x-axis intercept, which is a combined
resistance including ionic resistance of electrolyte, intrinsic resistance of substance and interface
resistance. The value of ZRe is 2.9 Q for PANI/rGO-2 and 3.8 Q for pure PANI indicating that the
conductivity for the composite is greater than the PANI. Secondly, the diameter of semicircle for
composite in high frequency region is much smaller than the pure PANI indicating its lower contact
and charge transfer resistance (Rct). Finally, at low frequency, the line of the PANI/rGO-2composite is
near parallel demonstrating the good capacitive behavior.Figure.8b shows the cyclic performance of
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the PANI/rGO-2 composite examined by galvanostatic charge/discharge tests at 2 A g .1t still keeps
the capacitance retention of the electrode 78.8% after 1000 times of charge-discharge cycling.
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addition of GO during the emulsion polymerization at 1 A g™* (a); the specific capacitance of
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4. CONCLUSIONS

In summary, we have developed a simple approach to achieve the microspherical PANI/rGO
composites by microemulsion polymerization. According to the different dispersion types of SDS, the
hybrids have two probable ideal microsphere structures. One is small nano-size GO nanosheets
embedded into the microsphercial PANI, and the other is PANI microsphere attached on the
agglomerated GO nanosheets. Due to the microsphercial structure of hybrid and the synergistic effect
between PANI and graphene, the as-prepared PANI/rGO composites show good electrochemical
performances, such as high specific capacitance (495.9 F g * at 0.5 A g %), excellent rate capability
(355.5 F g * retained at 20 A g %) and improved cycling stability (78.8% of capacitance retention after
1000 charge/discharge cycles), and the PANI/rGO composites will be a promising electrode materials
for supercapacitors.
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